Rhodobacter capsulatus was shown to grow efficiently with taurine as sole source of sulfur. We identified a gene region exhibiting similarity to the Escherichia coli tauABC genes coding for a taurine-specific ABC transporter. The R. capsulatus tauABC genes were flanked by two putative operons (orf459-484-590 and cysE-srpI-nifS2) both reading in opposite direction relative to tauABC. Orf459 shows strong similarity to taurine:pyruvate aminotransferase (Tpa) from Bilophila wadsworthia catalyzing the initial transamination during anaerobic taurine degradation, and Orf590 exhibits clear similarity to sulfoacetaldehyde sulfo-lyase from Desulfonispora thiosulfatigenes probably catalyzing the step following the taurine:pyruvate aminotransferase (Tpa) reaction, whereas nifS2 might code for a putative cysteine desulfurase. Expression of R. capsulatus tauABC and nifS2 was inhibited by sulfate, suggesting that tauABC and nifS2 might belong to the same regulon. In contrast, transcription of orf459 was not inhibited by sulfate but was induced by taurine. A tauAB deletion mutant showed significantly reduced growth compared to the wild-type with taurine as sole sulfur source in the presence of serine as a nitrogen source, whereas normal growth was observed in the presence of taurine and ammonium. Deletion of orf459-484-590 completely abolished growth with taurine/serine. Single mutations in any of the three genes resulted in the same phenotype, indicating that all three genes of this putative operon are essential for taurine sulfur utilization in the presence of serine. A model for anaerobic taurine sulfur assimilation in R. capsulatus is discussed. ß
Introduction
Taurine and other sulfonates are widespread in nature, and consistently many bacteria use these compounds as a source of sulfur for growth, when sulfate, which is the preferred S source, becomes limiting [5] . Sulfonates require transport systems to cross the cytoplasmic membrane, and genes coding for corresponding ABC transporters have been identi¢ed in many bacteria including Escherichia coli [26] , Pseudomonas aeruginosa [19] , and Bacillus subtilis [23] . Oxygen-dependent utilization of taurine involves either a dioxygenase or a monooxygenase, whereas Tpa catalyzes the initial transamination during anaerobic assimilation of taurine sulfur yielding alanine and sulfoacetaldehyde [11] . Subsequently, sulfoacetaldehyde sulfo-lyase may catalyze the formation of acetate and sul¢te [3] .
Taurine utilization under aerobic conditions is genetically and biochemically well characterized for E. coli, where sulfate starvation leads to CysB-dependent expression of a set of genes including tauABCD and ssuEADCB [5, 24, 25] . The tauABC gene products comprise a taurinespeci¢c ABC transporter, and TauD represents a dioxygenase, which is essential for the release of sul¢te from taurine [20] with sul¢te being incorporated via the cysteine biosynthetic pathway [8] . The ssuEADCB operon codes for a non-speci¢c sulfonate transport system and a nonspeci¢c sulfonate monooxygenase [4] . These sulfate starvation-induced proteins are not synthesized when the cells are grown anaerobically [5] .
Taurine:pyruvate aminotransferases have been described for several bacteria including the strict anaerobes Clostridium pasteurianum C1 and Bilophila wadsworthia RZATAU [2, 11] , where the latter organism utilizes taurine not as a sulfur source but as an electron acceptor with formate as electron donor. Tpa activity in C. pasteurianum is substrate-inducible, whereas B. wadsworthia exhibits constitutive enzyme activity [2] .
In contrast to aerobic taurine sulfur assimilation, regulation of taurine utilization genes (tau genes) has not been genetically analyzed under anaerobic conditions. In the present paper, tau gene regulation under anaerobic conditions was addressed for the photosynthetic purple bacterium Rhodobacter capsulatus, which is genetically accessible [6, 14] , and which can grow anaerobically with taurine as sole sulfur source (this study).
Materials and methods

Bacterial strains and growth conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . Methods for conjugational plasmid transfer between E. coli and R. capsulatus, and the selection of mutants, growth media, growth conditions, and antibiotic concentrations were as previously described unless otherwise described in the text [6, 15] . To analyze growth with taurine as sole sulfur source a modi¢ed (sulfate-free) RCV minimal medium was used in which all sulfate salts were substituted by the respective chloride salts.
DNA biochemistry
DNA isolation, restriction enzyme analysis, agarose gel electrophoresis, and cloning procedures were performed using standard methods [21] . Restriction enzymes and T4 DNA ligase were purchased from MBI Fermentas (St. Leon-Rot, Germany), and used as recommended by the supplier.
L-Galactosidase assays
To determine the L-galactosidase activities of R. capsulatus strains carrying pFFRUB8 (tauAB-lacZ), pFFRUB36 (nifS2-lacZ) and pFFRUB39 (orf459-lacZ), respectively, cultures were grown in sulfate-free RCV minimal medium. Di¡erent sulfur and nitrogen sources were added at the concentrations indicated in the text. Following growth in the media to late exponential phase, L-galactosidase activities of R. capsulatus strains were determined by the sodium dodecyl sulfate^chloroform method [16, 17] .
Results and discussion
3.1. Anaerobic growth of R. capsulatus with taurine sulfur and identi¢cation of a tau gene region R. capsulatus is routinely grown in RCV minimal medium containing about 1 mM sulfate [6] . As a prerequisite for this study, we analyzed anaerobic growth in batch cultures with di¡erent sulfate concentrations. Under these conditions there were no signi¢cant di¡erences in growth . These experiments demonstrated that R. capsulatus can e¤ciently grow with taurine sulfur, suggesting the existence of both a speci¢c taurine transporter and a system for anaerobic assimilation of taurine sulfur. Indeed, BLAST searches [1] of the R. capsulatus genome sequence ( [18] ; http://wit.mcs.anl.gov/WIT2/) based on the periplasmic taurine-binding protein TauA from E. coli revealed the presence of an R. capsulatus TauA-like protein exhibiting clear similarity with E. coli TauA (29% identity, 48% similarity). The corresponding R. capsulatus tauA gene region is shown in Fig. 1A . Immediately downstream from tauA two genes (tauB, tauC) were identi¢ed, which might code for the ATP-binding protein and the membrane protein of a taurine-speci¢c ABC transporter. Due to the close proximity of the tauA-tauB-tauC genes it seems likely that these genes form an operon, which is transcribed from a promoter located upstream from tauA. Despite the similarities of the tauABC gene regions of R. capsulatus and E. coli, no tauD-like gene coding for dioxygenase was found in R. capsulatus (neither downstream from tauC nor elsewhere in the genome). Remarkably, two other genes (nifS2, cysE) possibly involved in cysteine metabolism are located downstream and reading in the opposite direction of tauABC. The deduced amino acid sequence of orf459, located upstream from tauABC, exhibits strong similarity with a B. wadsworthia taurine: pyruvate aminotransferase (54% identity, 68% similarity), which catalyzes the initial transamination step in anaerobic degradation of taurine yielding alanine and sulfoacetaldehyde [11] . Furthermore, the deduced amino acid sequence of orf590, which might be part of a putative orf459-orf484-orf590 operon, exhibits signi¢cant similarity with a Desulfonispora thiosulfatigenes sulfoacetaldehyde sulfo-lyase (36% identity, 56% similarity), which catalyzes hydrolysis of sulfoacetaldehyde to acetate and sul¢te [3] . Taken together, clustering of the above mentioned genes strongly suggested that the tau gene region shown in Fig.  1A might play an essential role in taurine uptake and anaerobic taurine sulfur assimilation in R. capsulatus. To verify this assumption, transcriptional and mutational analyses of the tau gene region were carried out (see below).
Analysis of the transcriptional regulation of genes located in the R. capsulatus tau gene region
As mentioned above, expression of the E. coli tauABCD operon is inhibited by sulfate [25] , whereas Tpa activity in C. pasteurianum is taurine-inducible [2] . As a basis to analyze whether expression of the putative R. capsulatus taurine utilization genes is also regulated by sulfate and/or taurine, appropriate reporter fusions with the promoterless E. coli lacZ gene were constructed ( Fig. 1B; Table 1 ). The respective lacZ fusions are based on broad-host-range plasmids able to replicate in R. capsulatus. These hybrid plasmids were introduced into the R. capsulatus wild-type strain B10S via conjugation [6] . The resulting reporter plasmid-containing strains were grown photoheterotrophically (in RCV minimal medium under anaerobic conditions in the light) in the presence of di¡erent sources of sulfur (sulfate, taurine) and nitrogen (ammonium, serine) prior to determination of lacZ-mediated L-galactosidase activity (Table 2 ). It should be mentioned at this point that R. capsulatus can e¤ciently use a wide variety of N sources including ammonium, urea, and almost all amino acids [12, 13] . The Ntr (nitrogen regulation) system is responsible for sensing the cellular nitrogen status and under N-su¤cient conditions (in the presence of ammonium) NtrC-mediated gene expression is suppressed, whereas NtrC activates transcription of its target genes in the presence of urea, serine, and other amino acids [13, 14] .
The results of the expression studies shown in Table 2 can be summarized as follows. (i) Expression of the tauABC genes coding for a putative taurine-speci¢c ABC transporter did not require taurine for induction, since strong expression was observed when all sulfur sources were omitted from the medium, but transcription was clearly suppressed by sulfate. (ii) Interestingly, with taurine as sole sulfur source, transcription of tauABC was dependent on the nitrogen source, since expression occurred only in the presence of serine but no expression was found in the presence of ammonium. Since ammonium control of the expression of many genes in R. capsulatus involves the above mentioned Ntr system, we analyzed whether expression of tauABC required the central transcriptional activator NtrC. However, no di¡erences in the expression patterns were found in an ntrC mutant compared to the wildtype (data not shown), ruling out that the in£uence of the N source on expression of the tauABC genes was mediated by the cellular Ntr system. (iii) Expression of nifS2 (coding for a putative cysteine desulfurase) followed a similar pattern as observed for tauABC. In contrast to reporter plasmid pFFRUB36 (Fig. 1B) , which mediated signi¢cant expression of the nifS2-lacZ fusion, no expression was found for strains carrying plasmid pFFRUB37, demonstrating that transcription of nifS2 required a promoter upstream from cysE (coding for a putative serine transacetylase), suggesting that cysE-srpI-nifS2 are co-transcribed. Similar expression patterns of the cysE-srpI-nifS2 and the tauABC operons, and the close proximity of these two operons, may indicate that CysE and/or NifS2 participate in taurine sulfur assimilation. (iv) In contrast to tauABC and nifS2, expression of orf459 (coding for a putative Tpa) was exclusively regulated via taurine induction. Particularly, expression of orf459 was not inhibited by sulfate, and was not in£uenced by the nitrogen source. Taurine induction of orf459 strongly suggests that the tau gene region analyzed in this study indeed plays an important role in anaerobic taurine sulfur assimilation. (v) Due to the close proximity of orf459, orf484, and orf590 it seems likely that these genes are co-transcribed from a promoter located upstream from orf459. To test whether other genes located further downstream also belong to this putative transcriptional unit, pNIRUB112-mediated transcription of nifH2 (exhibiting strong similarity to the structural orf459-lacZ no sulfur added/serine 36.8 þ 2.0 a L-Galactosidase activities mediated by the respective reporter plasmids were analyzed in the background of the R. capsulatus wild-type strain B10S. b R. capsulatus strains were grown in RCV minimal medium containing ¢nal concentrations of 1 mM sulfate and/or 1 mM taurine as a sulfur source and 20 mM ammonium or 20 mM serine as a nitrogen source. When no sulfur source was added growth was strongly limited. c L-Galactosidase activities (in Miller units) were determined in late exponential phase R. capsulatus cultures grown photoheterotrophically with the indicated S and N sources. Miller units [16] and standard deviations were calculated from four independent assays for each strain.
gene of nitrogenase reductase [14] ) was analyzed. Under all conditions tested, no expression of nifH2-lacZ was observed (data not shown). Therefore, it seems unlikely that nifH2 is co-transcribed with orf459.
Mutational analysis of the R. capsulatus tau gene region
To verify the role of the tau gene region ( Fig. 2A ) in taurine utilization, mutational analyses were carried out. For this purpose, selected interposon-induced mutations within the putative tauABC, orf459-orf484-orf590, and cysE-srpI-nifS2 operons were generated (Fig. 2B) . The corresponding R. capsulatus mutant strains were grown photoheterotrophically in RCV minimal medium with taurine or sulfate as a sulfur source and di¡erent nitrogen sources. The results shown in Table 3 can be summarized as follows. (i) All mutant strains showed growth comparable to the wild-type with sulfate as a sulfur source ruling out that mutations in the tau gene region a¡ected viability. (ii) The ability of mutant strain FFRUB33 (vorf459-orf484-orf590) to grow with taurine sulfur di¡ered depending on whether serine (no growth) or ammonium (growth comparable to the wild-type) was used as nitrogen source. Therefore, at least in the presence of taurine and serine, a clear phenotype was observed corroborating an essential role of this operon in taurine sulfur assimilation. The same phenotype was found for mutant strains carrying polar and non-polar mutations in each of the three orfs ( Fig. 2B ; data not shown), suggesting that not only Orf459 (Tpa) but also the gene products of orf484 and orf590 play essential roles. Orf484 exhibits some similarity to aminotransferases, but as shown in this study, Orf484 did not substitute for Orf459. As mentioned above, orf590 codes for a putative sulfoacetaldehyde sulfo-lyase, which might catalyze the step following the Tpa reaction [3] . (iii) To analyze whether the conversion of serine to N-acetylserine, which has a regulatory function in cysteine biosynthesis in E. coli [8] , was responsible for the observed in£uence of the nitrogen source on taurine sulfur utilization, other N sources were included in these studies. As found for the combination taurine/ammonium, signi¢cant growth of mutant strain FFRUB33 (vorf459-orf484-orf590) was observed in the presence of either taurine/proline or taurine/urea, supporting the assumption that serine indeed might play a regulatory role in taurine sulfur utilization. However, taurine-dependent growth of mutant strain FFRUB33 in the presence of ammonium, proline, or urea might also be explained by the presence of an alternative system for taurine sulfur utilization, which would not be operative in the presence of serine. (iv) Although R. capsulatus can grow with alanine as a nitrogen source in the presence of sulfate, no growth was observed for the combination taurine/alanine. According to the assumption that the orf459 gene product (taurine:pyruvate aminotransferase) might catalyze the formation of alanine, it seems likely that the presence of high alanine concentrations in the medium results in feedback inhibition of Tpa activity. (v) Deletion of the tauAB genes (FFRUB28) resulted in signi¢cantly reduced growth compared to the wild-type with taurine/ serine strengthening the role of TauABC acting as a taurine transporter. However, weak growth of FFRUB28 under these conditions indicates that other transport systems may (partially) substitute for TauABC. Indeed, analysis of the R. capsulatus genome sequence ( [18] ; http:// wit.mcs.anl.gov/WIT2/) revealed the presence of (at least) one additional set of genes, which might code for a nonspeci¢c sulfonate transporter as found in E. coli [24] . (vi) Deletion of cysE-srpI-nifS2 (FFRUB40; Fig. 2B ) had no e¡ect on growth with taurine sulfur (data not shown). This might be explained by the presence of a second cysE-like and three additional nifS-like genes in R. capsulatus, which may functionally substitute for the genes deleted in FFRUB40. 
Model of anaerobic taurine sulfur utilization in R. capsulatus
Taurine uptake by R. capsulatus most likely involves an ABC-type transporter encoded by tauABC. The ¢rst step in anaerobic taurine sulfur assimilation might be catalyzed by the orf459 gene product (taurine:pyruvate aminotransferase), yielding alanine and sulfoacetaldehyde. This assumption was corroborated by the failure of R. capsulatus to grow with taurine sulfur in the presence of alanine, suggesting feedback inhibition of Tpa activity. The step following the Tpa reaction might be catalyzed by the orf590 gene product (sulfoacetaldehyde sulfo-lyase) leading to formation of acetate and sul¢te. However, at present it remains highly speculative whether the gene products of nifS2 and cysE, which are located in close proximity to tauABC, and which also belong to the sulfate regulon, play roles in subsequent steps of sul¢te assimilation.
